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ABSTRACT

Carter Lin, M. S., University of South Alabama, December 2022. How Low Can You
Go? Expanding Oyster Tidal Niche With Predator Induction. Chair of Committee:
Delbert L Smee, Ph.D.
An oyster’s realized niche is constrained by different stressors based on tidal
elevation, such as desiccation or benthic predators. These factors constrain survival and
set the boundary for their realized niche. Eastern oysters (Crassostrea virginica) also
harden their shells in response to predation risk which reduces their mortality. We
performed an empirical study to investigate if this defense mechanism could be
manipulated to expand their realized niche. We raised oysters in the presence of blue crab
predators (Callinectes sapidus) or in controls sans predators, then monitored their
survival at different tidal elevations. Oyster survival was significantly higher in the
highest tidal elevations tested. Exposure to predators before deployment also significantly
increased shell hardness and survival, with intertidal oysters experiencing the greatest
improvement. Thus, predator induction expanded the realized niche into higher tidal
elevations. Intertidal placement had larger effects on survival than predator exposure, but
predator exposure increased oyster survival at all tidal elevations, suggesting that
predator induction could help oysters both deter predators and resist abiotic stressors like
desiccation. We recommend intertidal placement as well as predator induction when
performing spat-on-shell restoration, to take advantage of this natural predation refuge.
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CHAPTER I
IMPACTS OF PREDATOR-INDUCED DEFENSES ON REALIZED NICHE

The environmental conditions suitable to the physiological tolerances of a given
organism comprise its fundamental niche (Vandermeer 1972). Yet, organisms rarely
occupy their entire fundamental niche as their niche space is confined by negative biotic
interactions such as competition and predation (Connell 1972). This is perhaps best
exemplified in Connell’s classic work (1961) on intertidal barnacles. Two barnacle
species occupied different tidal elevations. However, the shallower species, Cthamalus
stellatus, survived throughout the entire intertidal zone when the competitor Semibalanus
balanoides were removed from the substrate. S. balanoides would outcompete and
smother juvenile C. stellatus, and this biotic stressor forced C. stellatus populations to
remain in shallow areas where they could survive to maturity. Despite the physical
properties of the lower intertidal zones falling within C. stellatus’s fundamental niche, the
competitive pressure from S. balanoides removed C. stellatus as effectively as any abiotic
stressor. Other negative biotic interactions such as predation, disease, and parasitism can
similarly delimit the space where a species persists. This second range of conditions
comprise the species’ realized niche.
Many organisms can adjust their phenotype in response to environmental
conditions such as wave energy (Neufeld 2011) or the presence of potential predations
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(Miner et al. 2005). Gastropods on windward rocky shores have a larger foot area to
better attach themselves to wave swept shores (Trussell et al. 1993) and a smaller foot
opening and thicker shell on wave protected shores where predators are more common
(Large and Smee 2013). Like gastropods, barnacles exhibit phenotypic plasticity in
response to flow, growing shorter, thicker feeding appendages in faster flows (Marchinko
2003).
Phenotypic plasticity is often associated with prey reactions to predation risk and
are usually triggered by predator exudates (Weissburg et al. 2014). For example, Rana
sybatica tadpoles will change their body size when living in ponds with dragonfly larvae
predators (Van Buskirk and Relyea 1998) and mussels will produce more byssal threads
to resist being dislodged by predators (Leonard et al. 1999). While not all forms of
phenotypic plasticity are beneficial to the organism, adaptive forms of phenotypic
plasticity can allow organisms to respond to elevated stressors while balancing the
metabolic costs of producing the altered phenotype (Miner et al. 2005). This plasticity
can potentially increase survivorship in the face of unfavorable conditions, helping to
maintain and even expand the realized niche space (Bruno et al. 2003, Miner et al. 2005).
In certain scenarios, phenotypic plasticity can actually expand an organism’s
realized niche. When phenotype shifts enable better exploitation of a resource like light
or food, or reduce a stressor to sublethal intensity, a formerly unfavorable environment
can become usable or even favorable (Miner et al. 2005). Such is the case of plants which
grow taller stems in response to shade, to outgrow their neighbors and access more light
(Donohue 2003). This makes phenotypic plasticity a form of niche construction, where
organisms modify the biotic and abiotic conditions of their surroundings via direct
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manipulation, construction, or metabolic interactions to better support survival (OdlingSmee et al. 2013). In the same way that environmental engineers generate more realized
niche space by directly shaping environmental qualities (Hui et al. 2004), so too can
species with phenotypic plasticity. It follows a similar model to facilitation, where
mitigating stressors alleviates unfavorable conditions (Bruno et al. 2003). The only
difference is that one kind of construction acts on the environment, and the other kind
acts on the organism itself (Hui et al. 2004, Odling-Smee et al. 2013). Through a
combination of environmental stressor reduction and phenotypic changes, niche
constructing species expand the range of suitable habitat, functionally building more
realized niche space around them.
Eastern oysters (Crassostrea virginica) survive both in intertidal and subtidal
areas, but their populations face a different gradient of stressors at different tidal depths
(Fodrie et al. 2014). Oysters that live at shallower tidal depth experience increased
exposure during low tides, leading to reduced feeding time and increased risk of
desiccation. In comparison, oysters that live deeper in the water column remain
submerged, feeding longer and growing faster, but being more accessible to benthic
predators such as blue crabs (Callinectes sapidus) or southern oyster drills (Stramonita
haemastoma), two major oyster predators in the Gulf of Mexico (Cake 1983). These
abiotic and biotic stressors at different tidal depth extremes constrain oysters to a
theoretical optimal depth where individuals balance the risk of predation mortality and
the duration of feeding time (Figure 1). This optimal depth range comprises the oysters’
realized niche.
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Figure 1. Conceptual diagram of the eastern oyster’s realized tidal elevation niche. Arrow
length represents the depth range of each stressor or benefit, with effect intensity
increasing along the color gradient. Note that predation declines with tidal elevation but
so does abiotic stress through desiccation. Lower tidal elevations reduce abiotic stress
and provide more feeding time and increase growth, but also make oysters more
vulnerable to benthic predators.

The exact range of this realized tidal elevation niche varies by region. Even within
a single bay, interactions between environmental factors like salinity and predation can
shift the depth of the realized niche (Walles et al. 2016). For example, southern oyster
drills cannot tolerate low salinities (Pusack et al. 2019). Therefore, oysters residing in
less saline water can grow deeper in the water column than their outer bay counterparts,
though they may remain vulnerable to more freshwater-tolerant predators like blue crabs
(Cake 1983, Walles et al. 2016). Some regional populations experience much more
intense depth-related stressors that eliminate potential subtidal populations. Predation at
depth in Corpus Christi Bay restricts oysters to intertidal areas, whereas parts of North
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Carolina experience lethal levels of hypoxia at depth (Johnson and Smee 2014, Lenihan
and Peterson 1998). Oyster reefs throughout the US, and particularly in North Carolina,
have also seen increased restriction in oyster tidal elevation after population losses from
overharvesting, hypoxic events, and intense benthic predation (Coen and Humphries
2017, Lenihan and Peterson 2004, Lenihan et al. 2001). Mobile Bay is experiencing
similar restrictions in oyster tidal elevation. Formerly robust subtidal populations are
diminishing in abundance and fewer oysters are surviving long enough to replace them.
Here oysters’ realized niche appears to be actively shrinking. Some organisms can
maintain their realized niche by adjusting their phenotype to counter adverse conditions,
but applying or manipulating these responses has rarely been used.
Juvenile oysters can modify their shells in response to chemical signals from blue
crabs, increasing shell size or thickness to reduce their vulnerability to crushing (Belgrad
et al. 2021, Robinson et al. 2014, Scherer et al. 2016). This reduces susceptibility to both
crab and oyster drill predation, as both predators must either break or bore through the
shell to consume the oyster. Mature oysters have a size refuge against predation, as their
shells have sufficiently developed in size and thickness beyond most predators’ ability to
crush them. Oysters reach a critical shell size threshold at >30mm where they can no
longer be easily crushed by blue crabs (Eggleston 1990). However, juvenile oysters lack
that degree of protection, so this additional predator defense is essential to survive early
life stage mortality. Juvenile oysters exposed to blue crab urine can increase survival in
the field by 50% compared to noninduced oysters (Belgrad et al. 2021). This difference
in survivorship becomes more pronounced in periods of intense predation.
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This induced predator defense poses an interesting possibility for niche
construction. If oyster survival at lower tidal depths is constrained by predation, and the
induced predator defense can significantly increase oyster survival under high predation
rates, then oysters with enhanced morphological defenses could potentially survive at
lower tidal depths. This would expand their realized niche beyond its usual lower
boundary, opening new space as potential habitat. The likelihood of niche construction
via this shift depends on the intensity of the predation. If predation is the most powerful
limiting factor, then reducing predation pressure would release the cap on the population.
If the pressure is too intense, however, it would overwhelm any mitigation from that
morphological shift (Bruno et al. 2003, Odling-Smee et al. 2013).
Applications of predator induction and its potential niche expansion could be very
beneficial to oyster reef restoration projects. Hatcheries often use spat-on-shell to rear
juvenile oysters to supplement natural reefs or previous restoration plantings (Congrove
et al. 2009). However, these juveniles suffer high mortality rates in the field, with some
reef cohorts experiencing up to 98% mortality before the first year (Casas et al. 2015).
Reef success depends on developing a large enough population of reproducing adults of
different size classes so that the reef becomes self-sustaining (Moore et al. 2018). Their
survival and development are greatly influenced by patterns of tidal elevation and the
associated gradient of stressors (Fodrie et al. 2014, Walles et al. 2016). A reef
constructed at a depth with high spat recruitment will still fail to retain its high oyster
abundance if its tidal elevation also exposes it to high predator density (Fodrie et al.
2014). If niche expansion could sufficiently buffer predation stress, then oyster
restoration success could be improved, especially in areas with intense predation.
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A hatchery that could supplement remote-setting procedures with predator cue
induction would potentially produce millions of predator-resistant oysters and
subsequently hundreds of thousands of additional oysters that survive past early juvenile
mortality to reproductive age. Such an increase in survivorship would bolster success
rates of initial reef planting and would reduce the need for additional oysters at those sites
in subsequent years. Even restoration projects which could not incorporate predator cues
into larval production would benefit from using information on realized tidal elevation
niche to plan future plantings and reef installations. Understanding the interaction
between predator induction and tidal elevation niche would ultimately help reduce the
shrinking niche phenomenon of oysters in the northern Gulf of Mexico.

1.1 Objectives and Hypotheses
Our objective was to determine whether predator-induced shell morphology
affected the realized niche of oysters. To do this, we compared the relative mortality rates
of oysters that had been exposed to blue crab predators and control oysters without
predator exposure when mounted at different tidal elevations.

1.1.1 H1: The realized niche of oysters is driven by predation
We hypothesized that there was an optimal niche for oysters in the mid-level tidal
elevations that would balance growth, abiotic stress, and vulnerability to predators.
Generally, we expect oysters at the upper end of the range to die or have significantly
reduced growth due to desiccation and reduced feeding, and oysters at the deepest end to
die from predation.
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1.1.2 H2: Predator induction expands the realized niche
Juvenile oysters exposed to blue crab chemical cues will survive deeper in the
water column due to their increased resistance to predation. Survival benefits from
predator induction increase with higher predation intensity (Belgrad et al. 2021, Bruno et
al. 2003). Therefore, we expect an overall increase in survival and specifically a
significant interaction between tidal elevation and predator induction treatment based on
relative predation intensity.
1.2 Materials and Methods

1.2.1 Experimental Approach
Experiments were designed to measure oyster survival at different tidal elevations
and between oysters exposed to blue crab predators or controls. We raised one group of
oysters with exposure to blue crab chemical cues and a control group without exposure.
After one month when the oysters had grown sufficiently, we mounted the two treatments
in pairs at regular intervals across a 1.0m height range at three different sites in Spring
2021. These three sites included two oyster aquaculture farms and one natural marsh site.
Deployment lasted for nine months, with periodic mortality checks. We checked oysters
weekly for the first month when we anticipated the majority of predation to occur and
planned to recheck oysters at months 2, 3, 6, and 9 although weather and other logistical
constraints influenced our timing (Appendix B).
After 2 months, the two farm sites exhibited a much higher mortality rate than the
natural site. Thus, the experiment was repeated in the fall at three natural marsh sites and
one aquaculture site. We also included a farm site in the fall to test whether the elevated
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farm mortality observed in the spring was a seasonal effect. Solinst® water level loggers
were deployed across six of the sites to quantify submergence time across all tidal
elevations.
1.2.2 Field Sites
There were 7 total sites covering a range of salinities (2.1-25.9ppt) and predator
regimes to capture the interaction between predation pressure and salinity (Walles et al.
2016, Figure 2). Site selection was limited to locations with existing pilings as per the
research permit requirements. Sites comprised a mix of 4 natural sites and 3 oyster farms.
The natural sites were Dauphin Island East End (DI-1), Little Dauphin Island (LDI-2),
Cedar Point (CP-2), and Heron Bay (HB-2). Farm sites included Point aux Pins (PN-1),
Portersville (PV-1), and Dauphin Island West End (WE-2). The 1 or 2 designation
indicates that the oysters were deployed in the spring (1) or fall (2).

9

Figure 2. Field site locations. Spring sites are in orange, Fall sites are in blue.

Mobile Bay has a diurnal tidal cycle, though water elevation is also driven by
wind and seasonal patterns (Webb and Marr 2016). To capture the full range of seasonal
tidal variation, our oyster treatments resided in the field for 9 months, until they reached
maturity. This allowed them to both experience different levels of inundation across the
year and to test their long-term viability, which is essential for restoration planting.
1.2.3 Oyster Rearing
Oysters were raised from their larval stage for approximately one month to ensure
adequate exposure to predator cues because this time allows for significant
morphological changes to develop under predator exposure (Belgrad et al. 2021). The
Auburn University Shellfish Laboratory provided us with larvae, which were settled onto
marble tile (4.45cm x 4.45cm) to standardize settlement surface. Consistent dimensions
enabled more consistent water flow to the spat regardless of spatial configuration and
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facilitated deployment. Once the larvae finished settlement, they were kept in flowthrough sea water from the Gulf for one month (Figure 3). Tiles were rotated throughout
the tanks on a daily basis to eliminate any position effects on feeding and chemical cue
dispersal.
Induced treatment tanks had 6 caged blue crabs to produce predator cues (sensu
Combs et al. 2019, Robinson et al. 2014). The cages prevented the crabs from consuming
the experimental population. Crabs were fed three times a week with mature oysters. The
waste products of the crab as well as the chemical cues from the consumed oysters
ensured that the treatment oysters activated their defensive phenotype shift and grew
thicker shells (Scherer et al. 2016).

Figure 3. Diagram of control and induced treatment mesocosm layout. The
control treatment is shown on the left with blue rectangles to represent cages containing
oysters on tile. The induced treatment is shown on the right and included oysters on tile
and caged crabs fed with adult oysters. Crabs were spaced evenly to ensure adequate cue
dispersal. Cages were rotated weekly to avoid potential tank artifacts.

11

1.2.4 Field Deployment
To compare mortality across tidal elevation, individual tiles were mounted onto
PVC poles (102 cm) at ten regularly spaced intervals (8.9 cm) pairing control group tiles
with predator-exposed tiles on the opposite side (Figure 4). This vertical span would
allow the oysters to experience a wide range of tidal exposure times and therefore a range
of potential stressors. The initial plan for deployment was to position the mid-point of the
pole around the mean water level, such that the top 5 tile pairs would be intertidal, and
the bottom 5 tile pairs would remain mostly subtidal. However, logistical and mechanical
issues with the water level loggers meant that no tidal data was recorded for the field sites
until after the Fall deployment. Therefore, we attempted to position the poles such that
the top three tiles would remain exposed >30% of the time, estimating based on the water
level at time of deployment. Some shallower sites had poles planted directly on the
sediment. The water level data was then used to quantify the actual tidal elevation of the
tiles at each site (Figure A-5, Appendix A).
Tiles were prepared by standardizing the number of individuals to 10 per tile.
Tiles with n>10 oysters had excess individuals scraped off using an oyster shucking
knife, while tiles with n<10 individuals not used in the experiment. Tiles were mounted
to the PVC pole with self-driving screws (Figure 4).
Our PVC poles were secured to existing pilings at each site as required by our
research permit using zip ties. There were 8-10 poles deployed at each site, with 2-3
caged controls as a form of predator restriction to verify the impact of predation on oyster
mortality. Prior studies with partial cage controls showed that cages had no effect on
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oyster health (Belgrad et al. 2021). WE-2 did not have enough pilings at the site to mount
all the replicates, so that site only had 6 poles and 2 caged control replicates.

Figure 4. A completed oyster pole with all 10 pairs of tiles. Each pair contains one
tile with oysters reared with predator cues and one control tile reared without predators.

1.2.5 Oyster Data Collection
Survival was assessed at each site periodically, with weekly checks soon after
deployment when the majority of predation was anticipated (Table B-2, Appendix B). We
removed the PVC poles from the pilings, counted survivors on each tile, and then
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remounted them back at the same height. The orientation of the poles was haphazardly
placed at each site with the goal of ensuring that tiles at each site were oriented in
different directions (e.g., sometimes on the north vs. south side of pilings).
A subset of ~300 oysters were used to measure shell length and maximum crush
force from each experimental block. We recorded shell lengths using digital calipers,
while crush force was recorded using a Kistler force penetrometer and a drill press to
crush the oyster shells (sensu Robinson et al. 2014).
1.2.6 Water Quality and Depth
Water quality data were measured at each field site using a YSI during sampling
days at the top and bottom of each pole. Those measurements were supplemented with
continuous sensor data from the ARCOS stations nearest to our sites, Cedar Point and
Dauphin Island. Solinst level loggers were installed at multiple field sites (DI-1, PV-1,
PN-1, LDI-2, WE-2, and HB-2) to record water level at 15 min intervals from Fall 2021
to Summer 2022. CP-2 did not have a water level logger, but this site is located between
HB-2 and LDI-2, so we used an average of data loggers at those two sites to estimate
water levels at CP-2. We compensated all logger data using barometric pressure readings
from a corresponding barologger at DISL, as well as trimming erroneous readings such as
abrupt fluctuations of more than 0.5m and one notable 11m reading from WE-2. These
data were used to calculate time exposed at low tide for oysters at each position and were
referenced to the tiles on the pole nearest to the logger . Exposure time was calculated as
a ratio for each tile position at each site.
1.2.7 Statistical Analysis
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All analyses were performed using R Statistical software. Shell strength data was
analyzed using a generalized linear model (R package: nlme) with treatment and seasonal
block as the independent variables, as each seasonal deployment came from a different
larval spawn. Crushing force was standardized by shell length (N/mm) before analysis to
account for size effects.
Survivorship at the end of the experiment was compared using generalized linear
models with time exposed and induction treatment (blue crab or control) as factors with
site and piling treated as random effects. Survivorship through time was also analyzed
using a Cox proportional hazards model (R packages: coxme). The Cox models tracked
survivorship over time, while the generalized linear models analyzed the relationship
between survival and exposure time at specific time intervals.

1.3 Results

1.3.1 Shell Strength
Oyster shells were significantly harder when reared with blue crabs (p<0.001).
Average crushing force increased by 40.8% in Spring and 24.7% in Fall, but this
difference between the seasonal blocks was not significant (p=0.51, Table A-1, Appendix
A).
1.3.2 Field Mortality
Overall mortality for all sites was high, with only 8.7% of all oysters (n=1,334)
surviving after 9 months (Table A-3, Appendix A). Predator induction had a significant
impact on survival, as non-induced oysters were more likely to die than induced oysters

15

(hazard ratio = 1.39, p<0.001, Table 1). Water depth at each site ranged from 0.9 to 1.6
m, and tidal range was ~1.3 m over the duration of the experiment. Increased exposure
time was positively associated with survival (hazard ratio = 7.27, p=0.00, Table 1), with
shallower tiles exhibiting greater survival (Figure 5). The difference in survival between
treatment groups also increases with greater exposure time, starting around 15% exposure
time (Table 2). Both induced oysters and those grown in controls without blue crabs
exhibited similar trends with survival increasing with exposure, but the induced oysters
overall had higher survival rates.
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Figure 5. Overall oyster survival by exposure time on each tile. Each point
represents a tile position from a site, with a control and induced tile paired at each
exposure time. Treatment is coded by color, blue for induced treatment, and red for
control treatment.
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Table 1. Cox proportional hazards test on uncaged replicates. coef represents the
regression coefficient and whether the factor is negatively or positively correlated with
mortality, Exp(coef) is the hazard ratio for the factor and represents effect size, z is the
Wald statistic value. Independent factors were treatment, submergence time, and site
type, with site, pole, and block as random effects.
coef

Exp(coef)

z

p

0.3285914

1.3890102

15.3

0.00

Submergence time

1.984406

7.274726

15.6

0.00

Site type

-0.582260

0.558635

-3.48

4.90E-04

Season (Fall/spring)

-0.09989

0.904939

-0.34

0.73

Treatment*Submerge

-0.125492

0.882063

-0.54

0.590

Treatment
(induced/control)

(Farm/natural)

Table 2. Generalized linear model for overall survival after 9 months. Treatment and
exposure time were the independent factors, while site and tile were random effects.
ChiSq

Df

Pr(>ChiSq)

Treatment

11.4586

1

0.0007117

Exposure time

64.3430

1

1.045e-15

Treat*Exposure

7.4701

1

0.0062733

Caged replicates had a higher survival rate of 17%, about double the rate of
uncaged replicates (hazard ratio = 0.303, p=1.40e-11, Table A-4, Appendix A). As a
result, all survival analyses were performed only on uncaged replicates. Initial cage
mortality after 1 week was low, with a 97% survival rate across all sites compared to
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75% survival of the uncaged replicates. However, the cage replicates began experiencing
mortality shortly afterward, particularly after 1 month as the cage material degraded and
predators gained access to the tiles (Figure 6).

Figure 6. Survivorship graphs for caged and uncaged treatment groups. Spring (left) has a
greater difference in survivorship between caging treatments than the Fall (p=0.034,
Table A-4, Appendix A). Note that these figures begin at 1 week after deployment, rather
than at day 0.

Site type had an unexpected impact on survival, with farm sites surviving at a rate
of only 0.027 compared to 0.13 for natural sites (hazard ratio = 0.559, p=4.90e-04, Table
1). Although predation and oyster mortality were higher in farm sites as compared to
natural sites, the same trends were found with exposure time and induction significantly
increasing oyster survival (Farm treatment p=4.69e-04, Farm exposure p=4.69e-07,
Natural treatment p=6.59e-03, Natural exposure p=1.47e-09, Figure 7).
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Figure 7. Survival by exposure time between site types. The farm site graph
(bottom) has both fewer survivors per tile and less exposure time.

1.3.3 Water Quality and Oxygen
We analyzed data from the ARCOS stations at Cedar Point and Dauphin Island,
as they were closest to existing field sites and had more than 3 months of continuous
readings for the Spring and Fall deployment periods (Figures 8,9). ARCOS-DI had
greater average salinity and lower average oxygen than ARCOS-CP, while ARCOS-CP
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had a greater number of hypoxic readings (<2mg/L). These low oxygen events occurred
in December 2021 and March/April 2022, lasting 2-4hrs, with an additional week of
hypoxic events in mid-May. ARCOS-CP also had extended low salinity (<5ppt) from
Jan-March 2022.
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Figure 8. Salinity and O2 graphs for the Dauphin Island ARCOS station. Dates are
concurrent with the deployment time of the DI-1 field site.
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Figure 9. Salinity and O2 graphs for the Cedar Point ARCOS station. Dates are
roughly concurrent with the deployment time of site CP-2, though the station data starts
two months later and has data gaps between 4/8/22-5/11/22.
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1.4 Discussion

1.4.1 Tidal Elevation and Realized Niche
Consistent with earlier research (Belgrad et al. 2021, Robinson et al. 2014),
exposure to blue crabs prior to placement in the field increased oyster survival. Blue
crab-exposed oysters had reduced initial mortality rates and overall higher survivorship
after 9 months at all tidal elevations. However, survivorship was highest in the shallowest
tidal elevations (furthest from the substrate), and the effects of tidal elevation exceeded
those benefits gained from prior exposure to blue crabs. The change in survival from
predator induction also increased as exposure time increased.
This threshold at 15% exposure time is also consistent with other research on
oyster tidal elevation effects. Intertidal oysters perform best when exposed for 20-40% of
the tidal cycle, after which they begin to suffer reduced growth and potential mortality
(Walles et al. 2016). Only the top 2-3 tiles of the poles reached that optimal elevation
threshold, with some sites remaining submerged for over 90% of the time. Instead of the
middle tile group occupying the optimal intertidal elevation, the top tile group did. Our
initial hypothesis posited that expansion would move downwards, into the more heavily
predated areas, as those oysters would experience the most intense predation pressure.
The survival benefit from predator induction generally increases with increased predation
mortality, as more non-induced oysters get eaten (Belgrad et al. 2021). However, any
potential realized niche expansion from predator induction occurred into these shallower
tidal elevations at the top tile group. Predator induction appears to reinforce the elevationbased predation refuge, with increasing survival benefits as tidal elevation increases.
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Whether this trend in the survival benefit continues beyond the 40% exposure
time threshold remains unclear. The zero-growth boundary from excess exposure begins
at 55% exposure time (Ridge et al. 2015). Due to variations in site bathymetry, only the
highest tiles at DI-1 experienced greater than 55% exposure time throughout the annual
tidal cycle. Those tiles did exhibit the greatest difference in survival between treatment
groups, which could suggest that predator induction could improve resistance to
desiccation. However, additional research is necessary to test this hypothesis.
Oysters adjust their shell morphology in two potential ways when exposed to
predation risk. Oysters can quickly increase shell size by depositing calcium carbonate,
and they can invest more energy and resources into developing the organic matrix of the
shell, which increases shell strength (Scherer et al. 2018). The exact pathway depends on
situational factors such as food availability and perceived risk level – greater perceived
risk means increased investment into the organic matrix was incurs higher costs (Scherer
et al. 2018). Induced treatment shell dimensions can also change in response to substrate
type. Induced oysters unattached to substrate will grow smaller and more curved, taking
on a “cannonball” shape, while oysters settled on shell culch or tiles will grow larger and
flatter (Belgrad et al. 2021, Combs et al. 2019). Different mollusk species have different
trends between size and desiccation tolerance. Some species are more susceptible to
desiccation at larger sizes (Byrne et al. 1988), while others have no difference between
size classes (Guareschi and Wood 2020). Most species, however, increase their
desiccation tolerance with bigger shell size, especially as the organism matures
(Coughlan et al. 2018, Jenewein and Gosselen 2013). If our induced oysters increased
their shell size faster, they may have benefitted from better desiccation tolerance.
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Alternatively, the shift in shell structure to prioritize strength may somehow impact the
oyster’s water retention. Further study of desiccation and induced shell structure could
prove helpful.
1.4.2 Predation and Site Variation
The mortality rates of our caged poles suggest interesting possibilities for our
experimental population. Caging reduced mortality throughout the experiment, so
predation did contribute significantly to oyster mortality. However, caged replicates still
began experiencing mortality after 1 week, at higher rates than the caged replicates in
previous experiment (Belgrad et al. 2021). Mortality came from a few potential sources.
One was eventual predation. After 1 month in the field, the cages began to degrade from
wave action and increased fouling, creating holes that small predators could access. Small
predators recruited into the cage and were protected from other larger predators. Another
source of mortality was overcrowding. While our initial density of 10 oysters per tile
(19.8cm2) worked for a 1-month-old population, that is much higher than their typical
densities in the Gulf (Dillon et al. 2015, Grabowski et al. 2017). Those oysters would
have crowded each other out as they grew, and toward the end of the trial they were large
enough to start falling off the tiles. Living oysters that had fallen from the tiles, or oysters
that had encompassed multiple tiles could not be counted for survivorship by tile.
Although we did not measure abiotic conditions that would have been lethal to our
oysters, we did observe low salinity and periods of hypoxia at the closest ARCOS
stations, which may have also caused some mortality.
We expected sites to differ in predator type and predation intensity as well as in
abiotic conditions. But we were surprised at the high predation rates in oyster farm sites.
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Off-bottom oyster farming has been successful in the area, and we inferred that these
sites would be favorable for oyster growth. Instead, farm sites exhibited much higher
initial and overall mortality compared to natural marsh sites. Some of this high farm
mortality may be confounded with submergence time, as PV-1 and PN-1 were both
mostly subtidal, which correlates with higher predation rates. However, WE-2
experienced similar levels of emersion to the natural sites and had the highest mortality
rate of the fall sites.
The higher mortality rate could be driven by the increased apparency of the farm
site replicates, as they may have been the only accessible oysters in an area highly
attractive to predators. Oyster aquaculture farms have a high density of oysters that can
attract a similarly high density of predators. PN-1 specifically recruits a high density of
oyster drills from July-August (Smee unpublished data), which we also observed
climbing on the poles or actively feeding on the tiles. We also observed blue crabs and
stone crabs trapped in caged poles at the Spring farms, especially as cages degraded and
could no longer effectively exclude them. All our farm site poles were mounted on
pilings next to oyster aquaculture gear containing farmed oysters. Predators would have a
harder time accessing the farmed oysters inside the protective farm gear, while our
uncaged farm site poles posed no barriers to access aside from the height of the tiles.
Therefore, it is likely that predators fed preferentially on the pole replicates.
Meanwhile, our natural sites either had existing oyster populations (DI-1, LDI-2)
or were near reefs that supported an active oyster fishery (HB-2, CP-2). To confirm the
actual proximity of the fishing reefs to HB-2 and CP-2, we estimated the distance using
ArcGIS and the harvest grid and reef maps from the Alabama Department of
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Conservation and Natural Resources. Both sites were within active oyster harvest zones.
While these wild populations would also attract predators, they remain accessible to
predators unlike the enclosed farm oysters. Predators at natural sites can forage on the
wild population and the tile replicates, whereas predators at the farm sites only have easy
access to the tiles.
An additional factor to consider regarding farm site mortality is the impact of the
oyster farm on the local environment. While the farm site must meet fundamental niche
requirements to successfully culture oysters, shellfish aquaculture can affect resource
availability and local water quality conditions in their surroundings (Forrest et al. 2009,
Nizzoli et al. 2005). Farm oysters could deplete the suspended particulate matter in the
water from feeding, reducing food availability for the oysters on the poles (Forrest et al.
2009). Increased particulate load from oyster feces and pseudofeces can also lead to
increased nutrient remineralization and oxygen depletion, but the impact of the additional
particulate load depends heavily on local hydrodynamics (Forrest et al. 2009, McKindsey
et al. 2006). If the area is well-circulated, there may not be any significant impacts on
oxygenation or nutrient load. The farm sites experience wind and waves, and anecdotally
appear to have ample water exchange. Although we lack data on flow rates and food
availability, the farmed oysters grow well in surface waters. Further, in prior studies,
predator exclusions using cages significantly increased oyster survival in these sites,
suggesting predation remains the largest source of oyster mortality (Belgrad et al. 2021).
1.4.3 Abiotic Factors
While this study focused on predation-driven patterns, we cannot neglect the
potential impact of abiotic factors. Mobile Bay provides no shortage of environmental
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stressors, particularly hypoxic events due to salinity-driven stratification (Coogan et al.
2021, Patterson and Carmichael 2018). This would also produce a pattern in survival
across tidal elevations, as a stratified oxygen gradient would more strongly affect deeper
elevations. We measured abiotic parameters both at the top and bottom of our poles and
did not find noticeable differences in between tidal elevations. Our sites were shallow and
near shore, and anecdotally well mixed. Surprisingly, the Cedar Point ARCOS
experienced several low oxygen events in December 2021 and March 2022, with a weeklong event in mid-May 2022 which may have also contributed to oyster mortality.
1.4.4 Restoration Implications
These findings offer potentially useful guidance for oyster restoration projects.
First, tidal elevation matters for restoration success. Tidal elevation has a significant
impact on reef health and survival, particularly in areas with intense benthic stressors
(Fodrie et al. 2014, Johnson and Smee 2014, Walles et al. 2016). Oyster survival
increased with exposure (and shallower tidal elevations), and they incurred increased
survival benefits from predator induction at elevations with over 15% exposure time.
Whether this benefit continues in even shallower elevations with >40-55% exposure time
remains unknown, as we have not adequately investigated the relationship between
desiccation and predator induction.
Predator induction has great potential as a restoration technique. It significantly
increased survival in the field and can help counteract the high mortality rates after a new
restoration planting. Many restoration projects suffer intense mortality when juvenile
oysters are released at a site, owing to the mass migration of benthic predators toward the
new population and the increased vulnerability of this early life stage. Mass induction of
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these oysters while in the hatchery could help them survive past this initial bottleneck.
The survival benefit would only get amplified over the large population scale that
restoration projects operate at. Our sites had an initial survival increase of 6.5% (n=1001)
and an overall survival increase of 2.1% (n=325), consistent with earlier findings
(Belgrad et al. 2021). However, for spat-on-scale restoration projects that deploy tons of
oyster shells containing millions of oyster spat, a small increase in survival of 1-2% could
be substantial. Oyster reefs need to maintain specific population thresholds to achieve
reproductive self-sufficiency, based on characteristics such as total population size,
volume of dead shell, and the presence or absence of fishing (Moore et al. 2018). Reefs
that do not meet these thresholds will experience a population collapse. The difference in
starting population size between a successful reef and a failed reef can on the scale of a
couple hundred thousand individuals. Understanding the interactions between the
constraints of realized niche can allow us to engineer more successful restoration
projects.
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APPENDICES

Appendix A: Supplemental Tables and Figures

Table A-1. Sampling timeline for the Solinst water loggers.
Site

Logger In

Check 1

Check 2

Check 3

DI-1

9/28/21

12/02/21

3/21/22

9/02/22

HB-2

1/14/22

03/16/22

6/15/22

8/29/22

LDI-2

12/02/21

03/16/22

6/15/22

8/26/22

PN-1

11/09/21

12/02/21

3/16/22

8/30/22

PV-1

11/09/21

12/02/21

3/16/22

N/A

WE-2

10/08/21

12/02/21

3/16/22

8/26/22

Table A-2. ANOVA test for shell crush strength. Treatment+block.
Factor

Sum sq

Df

F-value

Pf(>F)

Treatment

42.96

1

77.6315

<2e-16

Block

0.24

1

0.4417

0.5066

Treatment:Block

1.79

1

3.2441

0.07217
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Table A-3. Final survival counts by treatment and site. Used to calculate overall survival
rate. Seasonal deployment is denoted via number (spring = 1 and fall = 2), and farm sites
have been marked with an asterisk.
Sites

Starting

Final Population

Population

Induced

Control

Survivors

Survivors

DI-1

2600

568

319

249

PN-1*

2600

3

3

0

PV-1*

2600

33

27

6

CP-2

2000

152

93

59

HB-2

2000

219

110

109

LDI-2

2000

253

133

120

WE-2*

1600

106

64
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Table A-4. Cox proportional hazards test on survival across all sites. Independent factors
were treatment, cage, and seasonal block, with site and pole as random effects.
Factor

coef

Exp(coef)

z

p

0.300112

1.350010

16.61

0.00E+00

Cage (no/yes)

-1.193827

0.303059

-6.76

1.40E-11

Block

-0.519790

0.594646

-1.59

0.110

Cage*Block

0.593065

1.809526

2.12

0.034

Treatment
(induced/control)

38

Figure A-5. Graph of average annual exposure time for the top 6 tiles (A-F) at
each site with tide data. Tiles G-J remained submerged the entire time. Sites PN-1 and
PV-1 had significantly less exposure time than all other sites.
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Appendix B: Fieldwork Timelines

Table B-1. Timeline for each stage of treatment preparation and field deployment by
block. Deployment during Block 1 was interrupted by inclement weather and took place
across 3 days.

Block 1

Larval
settlement
5/11/21

Transfer to
mesocosms
5/17/21

Tiles
normalized
6/16 – 6/23

Poles
constructed
6/24 – 7/1

Block 2

7/15/21

7/23/21

8/18 – 8/22

8/23 – 9/2

Field
deployment
6/28, 7/2,
7/7
9/3

Table B-2. Timeline for survivorship survey of Block 1 and Block 2 sites. Weather and
low initial mortality rate meant that Block 2 was surveyed on a different schedule than
Block 1. Data collection for overwintering mortality also was delayed by a month for half
the Block 2 sites.

Block 1
(DI)
Block 1
(PV/PN)
Block 2

Week 1
7/6/21

Week 2
7/13/21

Month 1
7/27/21

Month 2
8/24/21

Month 3
9/23/21

Overwinter
3/21/22

7/9/21

7/19/21

8/3/21

8/26/21

9/30/21

3/16/22

Week 1
9/9/21

Week 3
9/23/21

Month 2
11/9/21

Month 3
Overwinter Month 9
12/2/21,
3/16/22,
6/15/22
loggers/photos 4/18/22
only
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